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It is well known that attentional selection of relevant information relies on local synchronization of alpha band neuronal oscillations in visual cortices for inhibition of
distracting inputs. Additionally, evidence for long-range coupling of neuronal oscillations between visual cortices and regions engaged in the anticipation of upcoming
stimuli has been more recently provided. Nevertheless, on the one hand the relation between long-range functional coupling and anatomical connections is still to be
assessed, and, on the other hand, the speciﬁc role of the alpha and beta frequency bands in the different processes underlying visuo-spatial attention still needs further
clariﬁcation.
We address these questions using measures of linear (frequency-speciﬁc) and nonlinear (cross-frequency) phase-synchronization in a cohort of 28 healthy subjects
using magnetoencephalography. We show that alpha band phase-synchronization is modulated by the orienting of attention according to a parieto-occipital top-down
mechanism reﬂecting behavior, and its hemispheric asymmetry is predicted by volume's asymmetry of speciﬁc tracts of the Superior-Longitudinal-Fasciculus. We also
show that a network comprising parietal regions and the right putative Frontal-Eye-Field, but not the left, is recruited in the deployment of spatial attention through an
alpha-beta cross-frequency coupling. Overall, we demonstrate that the visuospatial attention network features subsystems indexed by characteristic spectral ﬁnger-
prints, playing different functional roles in the anticipation of upcoming stimuli and with diverse relation to ﬁber tracts.1. Introduction
The selection of relevant information, while inhibiting distracting
input, is necessary to act in everyday life. The coordinated activity of
different brain areas in brain networks seems necessary to instantiate
the cognitive functions involved in this process (Corbetta and Shulman,
2002). It has been hypothesized that this coordinated activity is main-
tained through synchronization of neuronal oscillations in several
cognitive domains (Varela et al., 2001; Fries, 2005; Engel et al., 2013),
including attentional selection (Engel et al., 2001; Salinas and Sejnow-
ski, 2001; Fries, 2015), and can thus be observed with magnetoen-
cephalography (MEG) or electroencephalography (EEG). Speciﬁcally,
local neuronal oscillations at low frequencies, especially in the alpha
band (8–12 Hz), have been observed over the visual cortex in anticipa-
tion of distracting input (Worden et al., 2000; Wyart and Tallon-Baudry,
2008) and have been related to functional inhibition (Jensen and
Mazaheri, 2010). Along the same line, attentional modulation in the
anticipation of upcoming stimuli of MEG alpha band oscillation has also
been reported over the parietal cortex. These local alpha band activity* Corresponding author. Institute for Advanced Biomedical Technologies, "G. d'An
E-mail address: laura.marzetti@unich.it (L. Marzetti).
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nc-nd/4.0/).modulations in visual and parietal cortices are behaviorally relevant,
e.g., an improvement in target detection has been observed in the
hemiﬁeld to which attention is directed (Thut et al., 2006; Sauseng
et al., 2005).
Yet, orienting attention to a spatial location is a process that is known
to recruit not only primary cortices, but also other areas within a fronto-
parietal circuit (Bushnell et al., 1981; Corbetta and Shulman, 2002;
Kastner and Ungerleider, 2000). While evidence for local alpha band
synchronization is abundant (Jensen et al., 2015), less studies have
investigated inter-areal synchronization during the anticipation of up-
coming stimuli with MEG or EEG (Doesburg et al., 2009; Siegel et al.,
2008; Sacchet et al., 2015; Lobier et al., 2018). In these studies, different
frequencies in the alpha to beta range have been proposed as the carrier
frequency for the functional integration mechanism. A recent MEG study
from Lobier et al. (2018) reported inter-areal phase synchronization
between frontal, parietal and visual regions in the high alpha (10–14 Hz)
but not in the low alpha (6–9 Hz) frequency band in a group of 14
subjects. The seminal work from Siegel et al. (2008) reported MEG
modulations of alpha (5–15 Hz) and beta (15–35 Hz) band phasenunzio University" of Chieti-Pescara, via Luigi Polacchi 11, 66100, Chieti, Italy.
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Fig. 1. Experimental paradigm. Each of the trials considered for this study
began with a visual cue, instructing the subject to attend either to the left
luminance pedestal or to the right luminance pedestal. After a 1.5 s ﬁxed time
interval, a pair of Gabor patches appeared in both luminance pedestals. One of
them (target) was always 45 oriented (clockwise or counterclockwise from
vertical), and the other cardinally oriented (horizontal or vertical). In the
"Attend Left" and "Attend Right" conditions, the diagonal patch appeared
respectively in the left or right pedestal, thus always leading to 100% cue val-
idity. Subjects had to discriminate the orientation of the diagonal patch. See also
Marshall et al. (2015).
A. D'Andrea et al. NeuroImage 188 (2019) 722–732coherence between middle-temporal and parietal areas in stimulus
anticipation in 8 subjects. The observed modulations were larger ipsi-
laterally to the attended side consistently with an inhibitory role.
Moreover, Sacchet et al. (2015) found that alpha (7–14 Hz) and beta
(15–29 Hz) synchronization between primary somatosensory areas and
right prefrontal cortex in a group of 12 subjects are enhanced to serve
functional inhibition. In monkey studies, evidence has been provided for
a top-down inter-areal synchronization between frontal and parietal
areas in the beta band at different frequencies: 22–30 Hz in Buschman
and Miller (2007) and 14–18 Hz in Bastos et al. (2015). In this frame-
work, it is clear that the debate regarding the speciﬁcity of these fre-
quencies, regions and direction of modulations in long-range
synchronization is still open, and the speciﬁc role of the two bands is not
yet clear (Fries, 2015).
Additionally, no evidence exists for the relationship between long-
range functional synchronizations and its putative anatomical sub-
strate. In fact, while the Superior Longitudinal Fasciculus (SLF) has been
proposed as the structural connection between prefrontal regions and
posterior areas (Thiebaut de Schotten et al., 2011), and its relation to
synchronization of neuronal population at a local scale, as indexed by
signal power, has been reported (Marshall et al., 2015), the role of SLF
tracts in long-range inter-areal synchronization is still to be
demonstrated.
In the present study, we aim at reconciling the previous ﬁndings on
the different frequencies and regions involved in inter-areal phase syn-
chronization by investigating frequency speciﬁc and cross-frequency
phase-synchronization, and by exploring their relation to the SLF
anatomical substrate in 28 healthy participants.
Speciﬁcally, using magnetoencephalographic data and a multivariate
measure of linear coupling (Ewald et al., 2012; Marzetti et al., 2013), we
quantify functional connectivity between neuronal oscillations of brain
activity in the alpha and beta frequency bands. Additionally, by using
a measure of nonlinear phase-coupling, i.e., antisymmetric
cross-bicoherence (ACB; Chella et al., 2014; Chella et al., 2016), we
assess cross-frequency interactions between alpha and beta bands to
account for higher order functional mechanisms. Finally, the relationship
of frequency-speciﬁc functional connectivity to individual differences in
anatomical characteristics of SLF and to performance is assessed.
Overall, our study reveals, a cross-frequency coupled alpha-beta
fronto-parietal system for the deployment of visuospatial attention, and
an alpha band parieto-occipital system related to the orienting of atten-
tion. The latter is mediated by SLF anatomical tracts and is behaviorally
relevant. Thus, the visuospatial attention network features functional
subsystems indexed by characteristic spectral ﬁngerprints which play
different roles in the anticipation of upcoming stimuli and rely on speciﬁc
anatomical substrates.
2. Methods
2.1. Participants
Twenty-eight right-handed subjects (15 males, 13 females, age: mean
value 24 y and 5mo, standard deviation 3 y and 5mo) participated in the
experiment. All subjects were naïve for the performed task. All subjects
underwent the standard screening procedures for MEG and MRI (struc-
tural and diffusion). The local Ethics Board approved all recruitment and
assessment procedures (CMO region Arnhem-Nijmegen, CMO2001/
095). All subjects, after receiving a comprehensive description of the
study and asking questions, provided written informed consent. Experi-
ments were carried out in accordance with the Declaration of Helsinki.
Two of the enrolled subjects were excluded from the analysis of diffusion
MRI, one because he/she did not to complete the diffusion scanning and
one because the SLF branches could not be reconstructed. Therefore, the
multimodal analyses were conducted only on 26 subjects out of the full
28 subjects’ cohort. The same data have been used in (Marshall et al.,
2015).7232.2. Stimulus material and procedure
Behavioral cueing task. Subjects performed a cued visuospatial
attention task (Fig. 1). At all times, two luminance pedestals were present
on the screen at 3.2 of visual angle below the horizontal meridian and
4.8of visual angle to the left and right of the vertical meridian. Each trial
began with the presentation of visual cues (one target patch and one
distractor patch) presented to the left and right side of a central ﬁxation
dot. These cues instructed the subject to either attend to the left pedestal
(“Attend Left” cue) or to the right pedestal (“Attend Right” cue). A pair of
target Gabor patches with a spatial frequency of four cycles per degree
visual angle were presented at each luminance pedestal for 60ms, fol-
lowed by a 60ms mask, after a 1500ms delay interval. The target patch
was tilted 45 either clockwise or anticlockwise. The distractor patch was
either horizontal or vertical. All target patches were presented at the cued
luminance pedestal (i.e., 100% valid cues). Subjects had to report the
orientation of the target patch by a right-hand button press (index ﬁnger
for clockwise orientation, middle ﬁnger for anticlockwise orientation). In
total, the task consisted in 13 blocks of 40 trials (with short breaks be-
tween different blocks) and lasted approximately 50min.2.3. MEG
MEG data acquisition.MEG data were acquired using a whole-head
MEG system with 274 axial gradiometers (CTF275-channel MEG system,
VSM MedTech) at a sampling rate of 1200Hz. Ear canal and nasion
markers were used to continuously monitor head position during
acquisition with a real-time head localizer tool (Stolk et al., 2013). An
A. D'Andrea et al. NeuroImage 188 (2019) 722–732EyeLink 1000 eyetracker (SR Research, Ottawa, Canada) was used to
continuously track the left eye for eye blink and saccade detection.
Additional speciﬁc information about the MEG data acquisition can be
found in Marshall et al. (2015).
MEG data analysis. MEG data were ﬁrst preprocessed to exclude
trials containing ﬂux jumps of the detector, muscular activity, eye blinks
and horizontal movements (Marshall et al., 2015). In the present study,
we additionally run an Independent Component Analysis (ICA) based on
logistic infomax algorithm (runica, Bell and Sejnowski, 1995; Makeig
et al., 1996), in order to remove other biological and instrumental arti-
facts. Particular attention was paid to the removal of heart related ac-
tivity due to its possible inﬂuence on connectivity results (Gross et al.,
2013). The Fieldtrip Matlab toolbox (Oostenveld et al., 2011) was used
for MEG data artifact removal. This procedure led to an average across
subjects of 100 artifact free trials for the “Attend Left” condition and of
101 artifact free trials for the “Attend Right” condition to be used for the
following analyses.
MEG source-level analysis was performed by using frequency domain
DICS beamforming (Gross et al., 2001) and sources located at the vertices
of a regular 6mm grid uniformly distributed in the MNI space. To allow
direct averaging across subjects, the single subject grids were derived
from a common template grid constructed using a MNI template brain
(Fonov et al., 2009, 2011). Speciﬁcally, for each subject, the source grid
was produced by warping the individual anatomical MRI scans to this
template and applying the inverse warp transformation to the template
grid. This resulted in source grids aligned across subjects in the MNI
space. The MEG forward problem was solved by using the leadﬁeld
method based on a single shell head model (Nolte, 2003). To construct a
spatial ﬁlter which projects data from the sensor-level to the source-level,
we considered segments of data of 1 s from the pre-cue interval (1.00,
0.00 s) and the cue-target interval (0.45, 1.45 s), given previous evidence
for alpha power modulation in the same data segments (Marshall et al.,
2015). Cross-spectral density matrices in the alpha band were computed
from sensor signals using a set of three orthogonal Slepian tapers with a
10 Hz center frequency to produce 2 Hz frequency smoothing (i.e.,
8–12 Hz alpha band) (Percival and Walden, 1993). A common spatial
ﬁlter was constructed using cross-spectral density estimated from pre-cue
interval and the cue-target intervals and all conditions, with the Fieldtrip
Matlab toolbox (Oostenveld et al., 2011). Finally, source-level cross--
spectral densities were estimated for each time window and for each trial
conditions by projecting the respective sensor-level cross-spectral den-
sities through the common spatial ﬁlter.
MEG alpha band connectivity analysis. As a general remark, it
should be noted that if no a priori assumption is made on the orientation
of brain sources, MEG brain signals at each source location and for each
time point are multidimensional, i.e., they represent the activity of source
components in three orthogonal directions, as opposite to e.g. signals
from functional Magnetic Resonance which are scalar values. In order to
estimate functional connectivity between two sources, multivariate
measures which take into account the coupling between three-
dimensional quantities are thus better suited than applying dimension-
ality reduction approaches and bivariate functional connectivity methods
(Marzetti et al., 2013).
Speciﬁcally, for functional connectivity based on spectral properties
the cross-spectral density between three-dimensional source signals at
one brain location consists in a 3 3 matrix collecting the cross-spectra
between all the possible combinations of the three orientations from this
location. Indeed, in this study, functional connectivity in the alpha band
was derived from these source-level cross-spectral densities by the
Multivariate Interaction Measure (MIM) (Ewald et al., 2012; Marzetti
et al., 2013). MIM is based on the maximization of the imaginary part of
coherence (Nolte et al., 2004) between the twomultidimensional signals,
and is thus a quantity robust to mixing artifacts. When interested in
functional connectivity between brain sources, mixing artifacts corre-
spond to source leakage (Colclough et al., 2015), i.e. the spread over
several voxels of the reconstruction of a point like dipole source, which724induces artiﬁcial connectivity patterns (Schoeffelen and Gross, 2009;
Palva and Palva, 2012). Source leakage is indeed instantaneously
coupled to source activities, it is thus straightforward to notice that a
non-vanishing imaginary part of coherence cannot be explained only by
source leakage since these systematically ignores functional relations
occurring at zero-phase delays, including zero-phase genuine
interactions.
Here, to investigate functional coupling with the visual cortex, we
selected as reference region the posterior region identiﬁed as the Supe-
rior Occipital Cortex (SOC) in (Marshall et al., 2015), i.e. according to the
parcellation of the Automated Anatomical Labeling (AAL) atlas (Tzour-
io-Mazoyer et al., 2002). MEG functional connectivity between this re-
gion and all the other voxels in the brain was estimated using the MIM
(Marzetti et al., 2013; Andreou et al., 2015; Peiker et al., 2015; Brunetti
et al., 2017) in the alpha band, according to Eq. (1):
MIMi;jðfÞ ¼ trace

CRii ðfÞ
1
CIijðfÞ

CRjj ðfÞ
1
CIijðfÞ
T
(1)
where Cii and Cjj are the 3 3 cross-spectra between the signal at location
i or j and itself, and Cij is the cross-spectrum between the signal at
location i and at location j. In the above notation, trace indicates matrix
trace, superscripts R and I denote the real and the imaginary parts, and
superscripts T and 1 indicate matrix transpose and inverse, respec-
tively. TheMIM between the SOC and a given target brain voxel j, namely
MIMSOC;j, was calculated as the average of the MIM values obtained for
the N voxels that fall within the SOC parcel, i.e., N¼ 48 for the left and
N¼ 58 for the right hemisphere SOC, for a 6 6 6 mm3 source space
resolution, and the target voxel j for the “Attend Left” trials and for the
“Attend Right” trials, separately.
To investigate the modulations of connectivity induced by the cue
presentation, we performed a contrast, hereinafter referred to as modu-
lated MIM (mMIM), between the MIM connectivity values in the cue-
target interval (450–1450ms post-cue presentation, thus avoiding the
possible contamination from evoked activity) and the respective values
in the baseline (deﬁned as a 1 s window prior to cue presentation). Given
that our interest is to investigate connectivity modulations related to
ipsilateral inhibition, we calculated whole brain mMIM values with
respect to the left hemisphere SOC (lSOC) for the “Attend Left” condition
and with respect to right hemisphere SOC (rSOC) for the “Attend Right”
condition, according to:
mMIMAttendLeftlSOC;j ¼ MIMAttendLeftlSOC;j MIMBaseline AttendLeftlSOC;j (2)
mMIMAttendRightrSOC;j ¼ MIMAttendRightrSOC;j MIMBaseline AttendRightrSOC;j (3)
The statistical signiﬁcance of the observed differences was assessed
by cluster-based permutation statistic (see Experimental Design and
Statistical Analysis section). For an efﬁcient implementation of the MIM
estimation, the cross-bispectral densities and the signal Fourier co-
efﬁcients were ﬁrst estimated at the sensor-level and then projected at
the source-level through the frequency domain DICS beamforming
spatial ﬁlter derived as described above in the MEG data analysis sec-
tion. To evaluate whether modulation of MIM can be biased by power
modulations, we run a control analysis in which the statistical signiﬁ-
cance of mMIM results was assessed after linear regression of power
modulations.
Additionally, we used the Phase Slope Index (PSI; Nolte et al., 2008),
a measure of directional connectivity the sign of which informs about
which signal is temporally leading which, to assess the dominant direc-
tion of the observed interaction. Speciﬁcally, given two brain voxels, we
considered the signal projections along orthogonal directions in each
voxel set according to maximal imaginary coherence between the two
voxels (Ewald et al., 2012). We then calculated the PSI for all pairwise
combinations of the two signal projections from these two voxels, and
then averaged all pairwise combinations (Basti et al., 2018). The PSI
A. D'Andrea et al. NeuroImage 188 (2019) 722–732between the SOC parcel and a given target voxel j, i.e., PSISOC,j, was then
evaluated as the mean of the PSI values between j and all the voxels
falling within the SOC parcel.
To assess the frequency speciﬁcity of the connectivity modulations,
we calculated the Time Frequency Representation (TFR) of the mMIM
values in eq. (2) and eq. (3). TFRs were calculated by the Fieldtrip soft-
ware toolbox (Oostenveld et al., 2011), using a sliding window approach
with a time window of variable length for different frequencies. Here, all
time windows were designed to contain ﬁve cycles of the corresponding
oscillation for each frequency in the range [0 80] Hz. Hanning tapering
was used for all windows. Given that for this analysis the whole band
data are required, to derive source space timecourses a broadband spatial
ﬁlter was constructed by using a time-domain Linearly Constrained
Minimum Variance (LCMV) beamforming (Van Veen et al., 1997). The
covariance matrix and the regularization for the LCMV are the same used
for the cross-frequency analysis described in the next paragraph.
Finally, in order to quantify whether the observed modulation of
functional connectivity is speciﬁc to the attended side, we computed an
attentional modulation index for the mMIM, namely the functional
connectivity Attentional Modulation Index (fcAMI), deﬁned as:
fcAMIAttendRightAttendLeftlSOC;lX ¼
1
NlX
X
j2lX
mMIMAttendRightlSOC;j mMIMAttendLeftlSOC;jmMIMAttendRightlSOC;j þ mMIMAttendLeftlSOC;j  (4)
fcAMIAttendLeftAttendRightrSOC;rX ¼
1
NrX
X
j2rX
mMIMAttendLeftrSOC;j mMIMAttendRightrSOC;jmMIMAttendLeftrSOC;j þ mMIMAttendRightrSOC;j  (5)
where the index j runs over all the voxels in the AAL parcel corresponding
to the regions found to be modulated by the cue presentation in the
mMIM analysis and indicated by X in the above Eq. (4) and Eq. (5).
Additionally, cue-induced modulation of functional connectivity in
the beta band (13–30Hz) with respect to the SOCs was assessed with the
same approach.
MEG cross-frequency analysis. To investigate cross-frequency
coupling, we relied on the magnitude of the antisymmetric cross-
bicoherence (ACB) between source signals (Chella et al., 2016). The
ACB is a measure of the cross-frequency synchronization (Nikias and
Petropulu, 1993) between signal components at two frequencies f1 and f2
and at their harmonically coupled frequency f3¼ f1þf2, and represents
the extension of the imaginary part of coherence to the cross-frequency
case, resulting thus robust to mixing artifacts (Chella et al., 2014; Soto
et al., 2016). ACB in this work is calculated as in the following Eq. (6):
ACBi;i;jðf1; f2Þ ¼
Bi;i;jðf1; f2Þ  Bj;i;iðf1; f2ÞN i;i;jðf1; f2Þ

¼

< siðf1Þ siðf2Þ s*j ðf1 þ f2Þ >  < sjðf1Þ siðf2Þ s*i ðf1 þ f2Þ >
N i;i;jðf1; f2Þ

(6)
where: N iij is an appropriate normalization factor (Shahbazi et al., 2014;
Chella et al., 2016) that guarantees that ACB is bounded between 0 (i.e.,
no interaction) and 1 (i.e., maximal interaction); Bi;i;jðf1; f2Þ ¼<
siðf1Þsiðf2Þs*j ðf1 þ f2Þ > is the cross-bispectrum between MEG source sig-
nals at two locations, location i and location j, respectively; si(f1) and
si(f2) are the Fourier coefﬁcients of signal components in source i at
frequencies f1 and f2, sj(f1þf2) is the Fourier coefﬁcient of signal
component in source j at frequency f1þf2; * denotes the complex conju-
gation; h⋅i denotes the expectation value.
A non-vanishing ACB necessarily reﬂects brain interactions as oppo-
site to the mixing artifacts (Chella et al., 2014) since it cannot be
generated by non-interacting sources.
Since we were interested in assessing alpha-beta cross-frequency
coupling, we further restricted the components at frequencies f1 and f2 to
the alpha frequency range (8–12Hz), and accordingly the component at725frequency f1þf2 laid in the beta frequency range (16–24 Hz). Based on
this, hereinafter the former two components f1 and f1þf2 will be simply
referred to as alpha components and the latter as beta component.
For an efﬁcient computation of the ACB, the cross-bispectral densities
and the signal Fourier coefﬁcients were ﬁrst estimated at the sensor-level
and then projected at the source-level through a spatial ﬁlter. The cross-
bispectral densities and Fourier coefﬁcients used for the ACB calculation
in this study were estimated from the data in the pre-cue and in the cue-
target interval, for the alpha components (frequencies f1 and f2) and for
the beta component (frequency f3) with 1 Hz frequency resolution, after
sensor data dimensionality reduction by Principal Component Analysis to
the 50 principal components (corresponding to retaining on average
about 95% of variance for each subjects). A broadband spatial ﬁlter was
then constructed by using a time-domain LCMV beamforming (Van Veen
et al., 1997). To this end, the covariance matrix for the calculation of the
beamformer weights, was estimated within a 0.5 Hz–100Hz frequency
band and from the data in all time windows and all trial conditions.
Tikhonov regularization was applied to the covariance matrix with a
regularization parameter equal to 5% of the average value of
auto-covariance across channels. Cross-bispectral densities and signal
Fourier coefﬁcients were thus beamformed onto the vertices of the source
space grid, with the source orientation at each vertex being assumed as
the one of maximum power (Van Veen et al., 1997).
Cross-frequency connectivity between the two reference regions in
frontal areas, located in the proximity of left and right frontal eye ﬁelds
(lFEF and rFEF), and a given target brain voxel was thus assessed as the
average across the ACB values obtained between all the voxels within the
FEF region and the target voxel. The motivation for choosing FEFs as
seeds for this analysis is that FEFs are well known to be involved in the
top-down control of spatial attention (Corbetta and Shulman, 2002).
Moreover, while occipital areas have a clear alpha band signature, frontal
areas have been associated to both alpha and beta frequencies (Busch-
man and Miller, 2007; Bastos et al., 2015; Siegel et al., 2008), thus a
cross-frequency coupling approach is necessary to assess connectivity to
the FEF.
Speciﬁcally, the frontal areas were centered at MNI coordinates [-22 6
57] and [22 6 57] respectively and include the voxel at the speciﬁed
location with the addition of its 6 nearest neighboring voxels, i.e.,
resulting in a total amount of 7 voxels per region.
Average was also performed across all frequencies f1 and f2 in the
range 8–12Hz (i.e., reﬂecting the coupling with frequencies f3 in the
range 16–24Hz, thus allowing to investigate an alpha-beta cross-fre-
quency coupling), i.e., ACBFEF;j, for the “Attend Left” trials and for the
“Attend Right” trials, separately. The modulation of ACB connectivity
induced by the cue presentation was assessed by a contrast between the
ACB connectivity in the cue-target interval and the ACB connectivity in
the baseline period for each condition, i.e.,
mACBAttendLeftFEF;j ¼ ACBAttendLeftFEF;j  ACBBaseline AttendLeftFEF;j (7)
and, similarly, for the Attend Right condition.
A conjunction analysis was performed to assess common patterns of
alpha-beta connectivity with respect to the FEFs induced by the cue
presentation in both conditions. The steps of obtaining the group statistic
of the ACB modulation are given in the Experimental Design and Sta-
tistical Analysis section. Additionally, in analogy to the deﬁnition of the
fcAMI for the attentional modulation of the mMIM, we evaluated if the
mACB between frontal and parietal areas in the right or in the left
hemisphere was modulated by the side to which attention was directed
and, possibly, evaluate its hemispheric asymmetry.
2.4. Diffusion MRI
Diffusion MRI analysis procedure closely followed that of Thiebaut de
Schotten and colleagues (Thiebaut de Schotten et al., 2011) and was used
to dissect the three branches of the SLF: SLF1, SLF2, and SLF3. An index
A. D'Andrea et al. NeuroImage 188 (2019) 722–732of hemispheric asymmetry for the three tracts SLF1, SLF2, and SLF3, was
computed as:
SLFasymmetry ¼ VolumeLeftBranch  VolumeRightBranchVolumeLeftBranch þ VolumeRightBranch  100 (8)
where Volume refers to the number of voxels intersected by either the Left
or the Right branch. Details on acquisition parameters and analysis steps
can be found in Marshall et al. (2015).
2.5. Hemispheric asymmetries of alpha band functional connectivity
modulation and correlation analyses
To investigate whether attentional modulations of alpha band func-
tional connectivity between occipital regions and regions modulated by
the cue presentation (fcAMISOC,X) are hemispherically lateralized, we
computed for each subject a hemispheric asymmetry index according to:
ΔfcAMISOC;X ¼ fcAMIAttendRightAttendLeftlSOC;lX  fcAMIAttendLeftAttendRightrSOC;rX (9)
Firstly, we checked whether our population showed a preferential
hemispheric lateralization for the attentional modulation of connectivity
by running a t-test against the hypothesis of no hemispheric lateraliza-
tion. Then, for the 26 out of 28 subjects having DTI data, we aimed at
investigating whether the hemispheric asymmetry of fcAMI was related
to the hemispheric asymmetry of the three tracts of the Superior Longi-
tudinal Fasciculus by running a Spearman correlation analysis between
SLFasymmetry, separately for each branch, and ΔfcAMISOC;PL.
Moreover, to assess the degree to which subjects differentially per-
formed in the “Attend Left” versus the “Attend Right” condition, we used
the accuracy index (Acc) which, for each condition (AccAttendLeft and
AccAttendRight), is equal to the fraction of correctly reported target ori-
entations. We ﬁnally quantiﬁed an attentional asymmetry index for the
accuracy according to the formula:
Accasym ¼ AccAttendLeft  AccAttendRight (10)
Finally, in order to understand whether the hemispheric asymmetry
for the attentional modulation of functional connectivity is relevant to
the subjects' performance, we run a Spearman correlation analysis be-
tween ΔfcAMISOC;PL and the Accasym. Along the same line, we tested if the
hemispheric asymmetry for the SLF1, SLF2, and SLF3 tracts was corre-
lated with the Accasym.
2.6. Experimental Design and Statistical Analysis
All the analyses were performed by using MATLAB version R2012b
(The MathWorks, Inc., Natick, MA, USA). MEG data preprocessing,
sensor-level analysis, and spatial ﬁlter estimation were done by using the
Fieldtrip software toolbox (Oostenveld et al., 2011). Source connectivity
analysis was performed by using a custom MATLAB code developed by
the authors.
The contrast between different experimental conditions across sub-
jects (i.e., MIM or ACB in the cue-target interval versus baseline) relied
on paired sampled t-test statistics. Statistical signiﬁcance of the observed
differences was assessed by setting a critical threshold (e.g., p< 0.05),
and the t-scores exceeding this threshold were considered as signiﬁcant.
To correct for multiple comparisons, we used the cluster-based permu-
tation approach (Maris and Oostenveld, 2007) implemented in Fieldtrip.
Using this approach, t-scores exceeding the critical threshold were clus-
tered based on their spatial adjacency, and the summed t-value from the
cluster was computed. Then, data from the two experimental conditions
were randomly permuted 10,000 times within every subject, and a
cluster t-value was computed for each randomization, creating a refer-
ence distribution of cluster t-values under the null hypothesis of no dif-
ference between the two experimental conditions. The p-value associated
with the initial cluster t-value was evaluated with respect to this726reference distribution.
The statistical signiﬁcance of fcAMISOC,X was assessed by a t-test
against the null hypothesis of no attentional modulation (i.e., fcAMI¼ 0).
The multiple comparison problem was addressed by using a False Dis-
covery Rate (FDR) approach.
In our analysis, the PSI was used to infer the dominant direction of
alpha band connectivity. Statistical signiﬁcance of PSI was assessed by
averaging PSI values and normalizing the result by the standard devia-
tion across subjects. Under the assumption that the normalized values are
drawn from a zero-mean normal distribution, the values exceeding a
critical threshold value corresponding to a p-value of 0.05, averaged over
a region of interest, were considered as signiﬁcant.
To assess common patterns of alpha-beta connectivity with respect to
the FEFs induced by the cue presentation in both conditions, a
conjunction analysis was performed. The group statistic of the ACB
modulation for each FEF region was obtained through the following
steps: i) the values of mACB were computed for each voxel and for each
condition; ii) a statistically signiﬁcant threshold for the conjunction of
the two conditions, corrected for family-wise error rate, was set by using
the method of minimum statistics compared to the global null (Friston
et al., 1999). The voxels at which the mACB exceeded this threshold were
assigned a value of 1, while all other voxels were set to 0 to generate
binary masks for the “Attend Left” and for the “Attend Right” conditions;
iii) a binary valued conjunction mask was obtained by combining the
single condition binary masks by a logical AND; iv) the group averaged
mACB was computed for each condition and then averaged across the
two conditions; and v) the ﬁnal map was obtained by masking the
average obtained in iv) with the conjunction mask derived in iii).
Finally, correlations between functional and structural connectivity,
as well as correlations between functional connectivity and behavioral
performance, were assessed by using Spearman's rank-order correlation.
The p-values associated to correlation coefﬁcients were corrected for
multiple comparisons by using the FDR approach.
2.7. Data and code availability statement
The data set used in this study have also been used in Marshall et al.
(2015) and is therefore already deposited in the Dryad Data Repository:
https://datadryad.org/resource/doi:10.5061/dryad.bt7v0 (Marshall
et al., 2015b). The functional connectivity results and the code used in
the study are available upon direct request. Conditions for sharing or
re-use include citation of the related papers and comply with CC
BY-NC-ND 4.0 licensing and with the requirements of the funding bodies
and with institutional ethics approval.
3. Results
Magnetoencephalographic data from 28 subjects performing a cued
attention task were analyzed (earlier analysis of same data presented in
Marshall et al., 2015). Analysis of the behavioral data conﬁrmed that
spatial cueing improved accuracy and reduced reaction time of target
detection compared to neutral conditions (Marshall et al., 2015).
3.1. Alpha oscillations demonstrate hemisphere-speciﬁc parieto-occipital
connectivity
Our results in Fig. 2 show a signiﬁcant increase of connectivity after
the cue presentation between the lSOC and a region centered in the left
Superior Parietal Lobule (lSPL), as deﬁned according to the AAL par-
cellation, for the “Attend Left” condition versus Baseline (Fig. 2a).
Similarly, for “Attend Right” versus Baseline we observed a signiﬁcant
increase of connectivity between the rSOC and a region of the right
Inferior Parietal Lobule (rIPL) (Fig. 2b).
Interestingly, in both hemispheres, the modulation of MIM between
SOC and Parietal Lobule (PL) is still signiﬁcant after regressing out the
alpha power modulation in occipital and parietal cortices (left
Fig. 2. Alpha band modulation of the Multivariate Interaction
Measure. a) Grand average across subjects of whole brain
modulated MIM (mMIM) with respect to the lSOC region
(indicated by the black dot) for the "Attend Left" condition
versus Baseline; b) Grand average across subjects of whole
brain mMIM with respect to the rSOC region (indicated by the
black dot) for the "Attend Right" condition versus Baseline.
Maps show only statistically signiﬁcantly modulated voxels
(paired t-test, p< 0.05 corrected). A signiﬁcant increase in
within-hemisphere parieto-occipital connectivity was found
ipsilaterally to the side to which attention had been directed.
A. D'Andrea et al. NeuroImage 188 (2019) 722–732hemisphere: p¼ 0.0280; right hemisphere: p¼ 0.0307), suggesting that
connectivity was not fully driven by power changes (Figs. S4 and S5 in
the Supplementary Material and related text further elaborate on this
topic).
The Parietal Lobule is thus considered as the region X in Equations
(4), (5) and (9) for the derivation of the Attentional Modulation Index of
functional connectivity and of its hemispheric asymmetry in the
following.
When considering the directionality of the observed interaction be-
tween the SOC and the ipsilateral Parietal Lobule (PL), we found signif-
icant negative PSI values consistently in both hemispheres (PSI between
left SOC and left PL: 1.84, p¼ 0.03, corrected); PSI between right SOC
and right PL:2.02, p¼ 0.02, corrected). Thus, we can conclude that PLs
lead SOCs, possibly accounting for a feedback drive underlying the
observed parieto-occipital alpha band interaction.
The same analyses for theMIM andmMIM conducted in the beta bandFig. 3. Time Frequency Representation (TFR) of the oc
727did not show signiﬁcant patterns of functional connectivity modulations.3.2. Frequency speciﬁcity of the parieto-occipital connectivity
The frequency speciﬁcity of the observed parieto-occipital connec-
tivity modulations was evidenced by the Time Frequency (TF) analysis of
the modulated MIM. Fig. 3a, left panel, shows that the connectivity in-
crease between the occipital cortex and the parietal cortex in the left
hemisphere after the cue presentation for the “Attend Left” condition
occurs only in the alpha band. When considering the TF analysis of the
MIM between the same regions in the “Attend Right” condition, no
modulation by the cue presentation is observed nor in alpha neither in
any other frequency band (Fig. 3a, right panel). Specularly, the frequency
speciﬁcity to the alpha band can be observed for the right hemisphere
occipito-parietal connectivity modulation in the “Attend Right” (Fig. 3b,
right panel), but not in the “Attend Left” condition (Fig. 3b, left panel).cipito-parietal connectivity modulations (mMIM).
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the cue presentation and all the other time points are consistent with the
time axis of Fig. 1 a) Grand average across subjects of mMIM between the
left SOC region and the left PL region in the “Attend Left” condition (left
panel) and in the “Attend Right” condition (right panel); b) Grand
average across subjects of mMIM between the right SOC region and the
right PL region in the “Attend Left” condition (left panel) and in the
“Attend Right” condition (right panel). The TFR plots show that increase
of mMIMwithin the cue-target interval is speciﬁc for the alpha frequency
band and is observed only for connectivities between regions ipsilateral
to the attended hemiﬁeld, i.e. for lSOC-lPL in “Attend Left” and for rSOC-
rPL in “Attend Right".
Maps show only statistically signiﬁcantly modulated voxels (paired t-
test, p< 0.05 corrected). A signiﬁcant increase in within-hemisphere
parieto-occipital connectivity was found ipsilateral to the side to which
attention had been directed.3.3. Alpha band parieto-occipital connectivity modulates with direction of
attention
The hemisphere-speciﬁc cue induced modulation of functional con-
nectivity maps in Fig. 2 suggests a spatial selectivity role for the interplay
between parietal cortex and occipital visual regions. The analysis of the
Attentional Modulation Index (fcAMI) allowed us to further investigate
the spatial selectivity of the interplay between parietal cortex and
occipital visual regions. Indeed, the fcAMI indicates a signiﬁcant negative
modulation of connectivity between the SOC and the parietal
cortex in both hemispheres. Fig. 4 shows the box plots for the left
hemisphere, fcAMIAttendRightAttendLeftlSOC;lPL ; and right hemisphere,
fcAMIAttendLeftAttendRightrSOC;rPL , respectively. Given that we deﬁned the fcAMI
indices always as the occipito-parietal functional connectivity when
attending contralaterally to the reference region minus the functional
connectivity when attending ipsilaterally to the reference region, the
negative sign points out that alpha band functional connectivity between
SOC and parietal cortex is always larger when the cue is presented ipsi-
laterally to the occipital cortex reference region. This supports the hy-
pothesis of a role of parietal areas in functional inhibition of ipsilateralFig. 4. Box plot of Attentional Modulation Index for connectivity (fcAMI) be-
tween SOC and PL for left and right hemispheres, respectively. The middle,
bottom, and top of each rectangular box represent the median, 25th percentile,
and 75th percentile, respectively, of the distribution of fcAMI across subjects.
The black dots represent the mean values. A signiﬁcant modulation of functional
connectivity was found for both hemispheres (***p ¼ 0.0001, **p ¼ 0.0011, t-
test, corrected). The observed negative values reﬂect an increment of alpha band
functional connectivity in the hemisphere ipsilateral to the hemiﬁeld indicated
by the cue.
728occipital cortices through phase coherence related to the orienting of
attention.
3.4. SLF1 and SLF2 asymmetry predict alpha-band parieto-occipital
functional connectivity
The Hemispheric Modulation Asymmetry Index (ΔfcAMI) was used to
examine whether the observed ipsilateral attentional modulation of
functional connectivity is related to the asymmetry of the SLF tracts. Our
ﬁndings, illustrated in Fig. 5, show that individual values of Hemispheric
Asymmetries for the SLF1 and SLF2 negatively correlate with the hemi-
spheric asymmetry of fcAMI (SLF1: ρ¼0.40, p¼ 0.02, corrected; SLF2:
ρ¼0.41, p¼ 0.02, corrected). Given that the values of fcAMI between
occipital and parietal cortices were found to be negative, which indicates
that in each hemisphere the connectivity is larger when attending to the
ipsilateral hemiﬁeld, the above negative correlations should be inter-
preted as a positive relationship between the hemispheric asymmetry of
ﬁber tracts and the hemispheric asymmetry of functional connectivity
modulation. For example, a subject whose SLF1 and SLF2 tract volume
are larger in the left than in the right hemisphere (SLF tract asymmetry> 0)
has also larger connectivity attentional modulation in the left than in the
right hemisphere (ΔfcAMI< 0) and is thus represented by a dot in the
upper left quadrant of Fig. 5 panels a) and b).
Of note, the previous analysis of the hemispheric asymmetry of alpha
band power modulated by attention in the same data (Marshall et al.,
2015) detected a signiﬁcant correlation with the SLF1 only. Thus, whilst
SLF1 asymmetry is linked to both asymmetry in the attentional modu-
lation of alpha power in the occipital cortex and attentional modulation
of parieto-occipital alpha band functional connectivity, asymmetry of the
SLF2 branch is only related to the latter.
3.5. Asymmetry of functional connectivity predicts attentional biases
We next sought to understand whether individual asymmetries in
attentional modulation of parieto-occipital alpha band functional con-
nectivity (ΔfcAMIs) were also related to differences in the accuracy of
target discrimination across hemiﬁelds. The Spearman rank correlation
analysis between ACCasym and hemispheric asymmetry of connectivity
modulation between SOC and PL (ΔfcAMI) indicated a signiﬁcant
negative correlation (ρ¼0.35, p¼ 0.03), as reported in Fig. 6. The
negative sign of the correlation means that subjects that have a larger
functional connectivity modulation in the left than in the right hemi-
sphere (i.e., ΔfcAMI<0) respond more accurately to targets presented in
the left than in the right hemiﬁeld (i.e., ACCasym > 0). Vice versa, subjects
who have a larger functional connectivity modulation in the right
hemisphere respond more accurately to targets presented in the right
hemiﬁeld. For example, a subject who has larger connectivity attentional
modulation in the left than in the right hemisphere (ΔfcAMI< 0) is more
accurate when responding to targets presented in the left hemisphere and
is thus represented by a dot in the upper left quadrant of Fig. 6.
No signiﬁcant rank correlation was found between ACCasym and the
hemispheric asymmetry of any of the SLF tracts (i:e:; ACCasym and
SLF1tract asymmetry: p¼ 0.56; ACCasym and SLF2tract asymmetry: p¼ 0.62;
ACCasym and SLF3tract asymmetry: p¼ 0.70), indicating that functional
connectivity asymmetry, although being related to structural connec-
tivity asymmetry, is more directly associated to task performance than to
structural connectivity asymmetry.
3.6. Alpha-beta cross-frequency interactions reveal a right-hemisphere-
dominant fronto-parietal network
Finally, we investigated whether the observed parieto-occipital in-
teractions are part of a large-scale circuit also involving frontal areas.
Indeed, previous literature highlighted that higher order regions, such as
the observed parietal areas but also the frontal eye-ﬁelds (FEFs) exert a
Fig. 5. Relation between SLF tracts hemispheric
asymmetries and hemispheric asymmetry of
alpha band functional connectivity. a, b, c)
Spearman correlation between individual ΔfcAMI
and SLF tract asymmetries: a) SLF1 b) SLF2 c)
SLF3; Hemispheric Asymmetries of SLF1 and
SLF2 tracts correlate with the hemispheric
asymmetry of functional connectivity ΔfcAMI
(p¼ 0.02, corrected); d) Tractography render of
SLF branches in one subject obtained using
diffusion MRI. The negative values indicate that
subjects have a larger functional connectivity
modulation in the hemisphere in which larger
tracts volume of SLF1 and SLF2 are present.
Fig. 6. Relation between accuracy asymmetry and hemispheric asymmetry of
alpha band functional connectivity. Spearman correlation between individual
accuracy asymmetry and the hemispheric asymmetry of fcAMI, i.e., ΔfcAMI
(p¼ 0.03). The negative ρ value indicates that subjects perform better in terms
of accuracy when the cue points at the hemiﬁeld ipsilateral to the hemisphere
that shows the larger connectivity modulation.
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the ACB analysis was run by choosing as reference regions bilateral
frontal areas, in proximity of the FEFs (Olesen et al., 2003; Marshall et al.,
2015). This analysis revealed an increase of the alpha-beta ACB coupling
between the right FEF and bilateral parietal areas induced by cue pre-
sentation in either hemiﬁeld.
No alpha-beta ACB coupling modulation with respect to the left FEF
was observed with the same approach, possibly indicating that speciﬁc
role of the right FEF in the interaction with bilateral parietal cortices in
the alpha-beta cross frequency coupling. The results for a control analysis
of possible power-induced effects is shown in Fig. S6.
Additionally, no signiﬁcant modulation of the mACB between frontal729and parietal areas neither in the left nor in the right hemisphere was
observed with respect to the side to which attention was directed, indi-
cating that cross-frequency coupling works as mechanism for the
deploying attention rather than for orienting attention.
To highlight common patterns of connectivity between the right FEF
and bilateral parietal cortices across the “Attend Left” and the “Attend
Right” conditions, we applied a conservative conjunction procedure.
Fig. 6 illustrates the map of ACB modulation obtained from this
conjunction after statistical thresholding (p< 0.05, paired t-test, cor-
rected), whereas the single maps used to build the conjunction map are
shown in Fig. S1 of the Supplementary Material. Additionally, Fig. S2 of
the Supplementary Material shows the overlap between the mACB
conjunction map with respect to the right FEF of Fig. 7 and the ﬁbers of
the ﬁrst tract of the SLF in the right hemisphere which connect the rFEF
to the cross-frequency coupled parietal regions.
As a control analysis, we calculated alpha-beta ACB coupling modu-
lation with respect to the reference regions located in the bilateral SOCs,
i.e. the same regions used to assess alpha band mMIM functional con-
nectivity. In this case, we did not observe any alpha-beta ACB coupling
modulation.
To reconcile these ﬁndings with the alpha band ﬁndings, in Fig. S3 of
the Supplementary Material we show the parietal regions (in green)
which are concurrently coupled to the occipital cortex in the alpha band
and to the right frontal cortex through an alpha-beta cross-frequency
mechanism. Additionally, the Supplementary Material Fig. S7 shows the
alpha-beta frequency speciﬁcity of the observed effects.
4. Discussion
In the present study, we show that functional connectivity, measured
as phase synchronization, between occipital and ipsilateral parietal areas
in the alpha but not in the beta band is modulated by visuospatial
attention, reﬂecting a control mechanism exerted by parietal regions for
the inhibition of visual cortices, as demonstrated by the Phase Slope
Index result. Indeed, this occipito-parietal network is speciﬁc to the
orienting of attention since a larger alpha band connectivity modulation
is observed in the hemisphere ipsilateral to the hemiﬁeld to which
Fig. 7. Conjunction map of ACB modulation versus Baseline for "Attend Left"
and "Attend Right" conditions in the alpha-beta band with respect to the right
frontal cortex reference region. Maps show only statistically signiﬁcantly
modulated voxels (paired t-test, p< 0.05 corrected). A signiﬁcant modulation of
the connectivity between right frontal (indicated by the black dot) and bilateral
parietal areas was observed.
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nectivity modulation is related to the anatomical characteristics of Su-
perior Longitudinal Fasciculus (SLF) tracts, since it exhibits a
hemispheric asymmetry which is predicted by the asymmetry in the
volume of the ﬁrst and second SLF tracts, and it is related to performance.
Additionally, the alpha-beta bicoherence analysis highlights an involve-
ment of cross-frequency coupling within the fronto-parietal network. In
this coupling, the putative right Frontal Eye Field (rFEF) deserves a
speciﬁc role in the deployment of spatial attention, as indicated by an
increased coupling between rFEF and bilateral parietal cortices either
when the subject is attending to the left or to the right hemiﬁeld.
Notably, our results highlight, for the ﬁrst time to our knowledge, a
role of individual subject asymmetries in the volume of both the ﬁrst and
the second tract of the SLF in serving asymmetries of alpha band func-
tional connectivity modulation between occipital and parietal cortices.
These results are in line with a previous report on the role of SLF asym-
metries in visuospatial attention. Indeed, Marshall et al. (2015) demon-
strated on the same data used in the present study that the individual
differences in SLF1 volume impact on local visual cortical power oscilla-
tions acting as a mediation of the top-down control from the prefrontal
drive within the dorsal network. Our results on the relation between SLF1
and occipito-parietal functional connectivity complement and extend
these ﬁndings, demonstrating that a larger number of connections to the
frontal cortex could result into increased signal transmission to visual
cortex mediated by the parietal cortex, further highlighting the involve-
ment of the dorsal network (and thus SLF1) in this mechanism. Addi-
tionally, our result on the relationship between individual differences in
SLF2 and occipito-parietal functional connectivity is in line with the study
from Thiebaut de Schotten et al. (2011), where the role of SLF2 asym-
metry in predicting attentional task performance was shown. Indeed, the
authors reported that SLF2 operates as a bridge between the dorsal and
ventral networks, acting as a mediator for reorienting goal-directed
attention, a process ascribed to SLF1 and the dorsal network, to salient
events detected by the ventral attention network.
According to theories of the control of visuospatial attention (Cor-
betta and Shulman, 2002; Kastner and Ungerleider, 2000), effective
goal-directed behavior is instantiated through the interplay between the
visual cortex and a fronto-parietal circuit. However, in our study we
observed no alpha fronto-parietal nor fronto-occipital connectivity730modulation, but only a clear modulation of alpha band functional con-
nectivity between parietal cortices and ipsilateral occipital visual area.
On the other hand, other human and monkey studies have revealed that
the fronto-parietal circuit responding to goal directed attention shows
synchronization in the beta frequency range (Buschman and Miller,
2007; Siegel et al., 2008). Yet, we did not observe any beta band
fronto-parietal connectivity modulation. A possible reason why this
connectivity was not observed here is that the coupling with respect to
the frontal regions does not occur in a linear fashion, rather it requires a
non-linear synchronization involving more than one frequency band for
each region. This hypothesis is in line with the empirical observations
that the frequencies related to top-down inﬂuences over the visual cortex
differ across the studies between alpha and beta, and the speciﬁc role of
the alpha and beta bands is not yet clear (Fries et al., 2015). Our ﬁndings
support the hypothesis that rather than showing a speciﬁc alpha or beta
frequency signature, the fronto-parietal circuit is recruited through an
alpha-beta cross-frequency synchronization mechanism. In fact, we
report a robust alpha-beta cross frequency coupling between frontal and
parietal cortices which might represent the broadcast mechanism by
which the fronto-parietal circuit operates, whilst the parietal cortex
concurrently drives the occipital cortex in the alpha band. Conceivably,
the former circuit is related to the deployment of attention, whereas the
latter is associated to the process of spatially orienting selective attention.
Our ﬁndings contribute to reconcile previous results of inter-areal phase
synchronization in the alpha to beta range between regions in the
attention networks. In this framework, it should be noted that while our
results are obtained in a cohort of 28 subjects, while previous observa-
tions (Siegel et al., 2008; Sacchet et al., 2015; Lobier et al., 2018) used
fewer subjects, i.e., at most fourteen.
Additionally, our alpha-beta synchronization highlights that the pu-
tative right frontal eye ﬁeld (rFEF) deserves a speciﬁc role in the alpha-
beta synchronization in comparison to its left hemisphere homologous
region. In fact, while the alpha band connectivity modulation of the
parieto-occipital circuit was observed in the hemisphere ipsilateral to the
attended hemiﬁeld, the cross-frequency fronto-parietal circuit involves
only the frontal cortex in the right hemisphere. This laterality is in line
with the evidence that the right FEF is particularly critical for top–down
control of attention to both visual ﬁelds (Esterman et al., 2015; Hung
et al., 2011; Silvanto et al., 2006). Along this line, TMS over right frontal
cortex has been shown to be more effective than TMS over left frontal
cortex in supporting spatial attention process (Grosbras and Paus, 2003;
Capotosto et al., 2009). Moreover, rFEF has recently been found to exert a
feedback control on the modulation of alpha band activity in early visual
areas (Popov et al., 2017). Consistently with the latter study, the
involvement of the rFEF that we observed is independent of the direction
of attention, supporting the hypothesis that this region has a key role in
the deployment of spatial attention. A similar role for the right frontal
cortex was also found in (Simpson et al., 2011) using an event-related
ﬁeld approach.
Our alpha-beta synchronization between rFEF and parietal cortex in
the right hemisphere is conceivably mediated by the ﬁrst tract of the SLF
in the right hemisphere, as clearly suggested by the overlap between the
anterior and posterior terminus of the SLF and the observed functional
modulation of ACB (Fig. S3). Conversely, inter-hemispheric association
pathways are the possible route through which the parietal cortex in the
left hemisphere is recruited. Our hypothesis is that the inter-hemispheric
association pathways that support the observed coupling to the left pa-
rietal cortex are the callosal pathways rather than extra-callosal routes,
consistent with recent ﬁndings showing that a section of the corpus
callosum markedly reduces inter-hemispheric functional connectivity
especially in associative areas in the frontal and parietal lobe (Roland
et al., 2017).
Taken together, the results of our study suggest that alpha oscillations
in the parietal cortex act as a bridge in linking the right frontal cortex
(characterized by an alpha-beta oscillatory signature) to the visual cortex
(characterized by alpha band oscillations), in line with a putative role of
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tion (Baldauf et al., 2006). The cortical circuit underlying the visuospa-
tial attention process could be obtained in our study only by the
concurrent use of linear and nonlinear approaches for estimating func-
tional connectivity. The former highlights the frequency speciﬁc alpha
band signature of the parieto-occipital subsystem, and the latter high-
lights the alpha-beta cross-frequency signature of the fronto-parietal
subsystem. From a methodological and signal analysis point of view,
we wish thus to stress the complementary nature of the information that
be gathered by the using both approaches for the characterization of
brain networks by magnetoencephalography or electroencephalography,
in light with the view of the brain instantiating concurrent coupling
modes at different temporal scale/frequencies (Engel et al., 2013). It is
thus likely that our ﬁndings about network subsystems indexed by
characteristic spectral ﬁngerprints with different functional roles,
different relation to anatomy, and different behavioral relevance, can be
generalized to other cognitive process. In this framework, it is likely that
higher order areas might coordinate the involvement of the different
network subsystems through cross-frequency coupling mechanisms
(Nikulin and Brismar, 2006).
Finally, it should be noted that, whilst our study demonstrates that
spatial attention processes are effectively mediated by a circuit of cortico-
cortical connections, it is important to consider that also cortico-
subcortical structures, such as the pulvinar or the nucleus accumbens,
play a role in visuospatial attention, i.e., by routing the synchronization
between different cortical regions (Saalmann et al., 2012; Horschig et al.,
2015; Zhou et al., 2016). In this regard, we must note that the use of MEG
allows to only reliably measure the activity of neocortical sources.
Indeed, the sensitivity of MEG rapidly decreases as the sources are
located deeper inside the brain, thus limiting our capability to observe
subcortical structures. Therefore, despite the clear advantage offered by
MEG in exploring neuronal oscillations at the same temporal scale of
behavior (i.e., in the millisecond time range), it must be noted that our
ﬁndings by no means can exclude a role for subcortical regions.
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